Calcineurin is an important regulator of extracellular matrix (ECM) accumulation in the kidney but functions in a cell-specific manner. Previously, we identified a novel role for calcineurin in mesangial cells where calcineurin activity is required for TGFβ-mediated induction of fibronectin expression. In this study we examined the role of the calcineurin substrate NFATc in transcriptional regulation of fibronectin. First, inhibition of calcineurin blocks TGFβ induction of the fibronectin promoter. Moreover, expression of constitutively active calcineurin in mesangial cells is sufficient to increase fibronectin transcription. Next, inhibition of the calcineurin substrate NFATc1 blocked TGFβmediated activation of the fibronectin promoter. Finally, stable expression of a dominant negative NFATc protein reduced transcriptional activation of the promoter and inhibited TGFβ-mediated fibronectin expression. In conclusion, TGFß activation of calcineurin in mesangial cells results in regulation of ECM accumulation at least in part by direct transcriptional activity of NFATc on the fibronectin promoter.
Introduction
The role of calcineurin in regulating extracellular matrix is complex. There is consistent data that inhibition of calcineurin activity results in upregulation of matrix proteins including fibronectin. In particular, both cultured fibroblasts and renal epithelial cells respond to addition of calcineurin inhibitors such as cyclosporin A (CsA) with increased extracellular matrix (ECM) production [1] [2] [3] . One potential mechanism for upregulation of matrix appears to be via the pleotropic cytokine TGFβ. Not only is TGFβ production increased along with matrix proteins in cultured cells after calcineurin inhibition [4] , but CsA-mediated fibrosis can be reduced by neutralizing TGFβ antibody in vivo [5, 6] . From these experiments, it is reasonable to conclude that calcineurin activity negatively regulates TGFβ and, consequently, extracellular matrix. However, we have shown that the role of calcineurin in TGFβ regulation of matrix is cell-type dependent. For example, we found that CsA administration to diabetic rats was additive with regard to matrix production in the cortical tubulo-interstitium [7] . But in glomeruli, inhibition of calcineurin actually reduced fibronectin and collagen IV expression in the glomerulus [7] . Similarly, we found that both IGF-I and TGFβ signaling pathways involve activation of calcineurin in cultured mesangial cells [8, 9] . Inhibition of calcineurin in this cell type blocks TGFβ-mediated induction of matrix proteins including fibronectin.
Since fibrosis is a common and detrimental side-effect of clinical calcineurin inhibition, it is important to understand the mechanisms of calcineurin action. Moreover, investigation of celldependent mechanisms where calcineurin inhibition prevents matrix accumulation rather than induces it may be especially useful. Previously, we showed that TGFβ-mediated activation of calcineurin is required in the proximal signal, only minutes after addition of TGFβ. The importance of early calcineurin signaling to matrix regulation measured up to 72 hours later suggests a direct involvement of calcineurin at the level of fibronectin transcription. Consistent with that idea, we found that TGFβ activation of calcineurin in mesangial cells resulted in nuclear translocation of NFATc transcription factor [8] .
NFATc proteins are known to be expressed in the kidney, and are regulated in mesangial cells in response to IGF-I [9] , TGFβ [8] , and endothelin [10, 11] . In vivo, NFATc has also been found to be regulated by calcineurin activation in the glomerulus [7] . Therefore, we hypothesized that there is a direct role for calcineurin/NFATc in transcriptional regulation of ECM in the kidney downstream of TGFβ. To test this, we first confirmed that fibronectin expression is transcriptionally regulated in response to TGFβ and that calcineurin activity is required for this regulation. Next, we examined the contribution of NFATc to calcineurin-mediated fibronectin upregulation. Finally, we overexpressed wildtype and dominant-negative NFATc in mesangial cells and examined the effect on fibronectin transcription and expression. These data demonstrate for the first time a direct role for NFATc proteins in transcriptional regulation of fibronectin.
Methods

Materials
Recombinant TGFβ was purchased from R&D Systems, Inc. (Minneapolis, MN). Cyclosporin A and anti-fibronectin antibody were from Sigma (St. Louis, MO). Anti-fibronectin and antiactin antibodies were from Sigma and anti-NFATc1 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). NFATc inhibitor peptide was obtained from CalbioChem (Temecula, CA). Fibronectin-luciferase promoter construct was a gift of RL Widom (Boston University School of Medicine) [12] , and the 3X NFATc-luciferase construct was purchased from Promega (Madison, WI). A constitutively active calcineurin construct (CA-CnA) was obtained from P Camacho (University of Texas Health Science Center, San Antonio) and NFATc and dominant-negative NFATc (DN-NFATc) were from NA Clipsone (Northwestern University Medical School). Rat mesangial cells were obtained from HE Abboud (University of Texas Health Science Center, San Antonio). For these experiments, rat mesangial cells were used between passage 26 and 32. LLCPK-1 cells were from American Type Culture Collection.
Western blots
Cells were plated in 60mm dishes and allowed to grow to 80-90% confluence. Medium was changed to serum-free medium (SFM) for 24 hours and the cells were treated as indicated. Cells were harvested with trypsin-EDTA, pelleted, washed with 1X PBS, and lysed using TNESV lysis buffer (50mM Tris -HCl pH 7.4, 2 mM EDTA, 1% NP-40, 100mM NaCl, 100mM Na orthovanadate, 100μg/ml leupeptin, 20μg/ml aprotonin, and 10-7M phenylmethylsulfonyl (PMSF)). 25μg of protein was analyzed by 7.5% SDS-PAGE and proteins transferred to nitrocellulose. The membrane was incubated in 5% milk-TBST (20mM Tris-HCl, pH 7.6, 137mM NaCl, 0.1% Tween 20) and then immunoblotted with appropriate dilutions of primary antibodies followed by HRP-conjugated secondary antibodies, and proteins were visualized by enhanced chemiluminescence (Pierce, Rockford, IL).
TGFβ ELISA
Cells were grown to 80% confluence, and then media were changed to SFM for 24 hours. CsA was added as indicated for an additional 24 hours and supernatants collected. TGFβ levels were determined using a commercially available kit according to the manufacturer's instructions (Promega).
Stable transfections
NMS cells between passages 26 and 32 were transfected with fibronectinluciferase in PGL2basic, pBJ alone, pBJ-NFATc1, or pBJ-DN-NFATc1 using lipofectamine (Invitrogen, Carlsbad, CA). Cells were re-plated at a sparse density and cells resistant to G418 were selected for using media supplemented with 400ng/ml neomycin. After approximately 2 weeks, clonal populations were harvested by ring cloning and expanded. Resulting cell lines were screened and experiments performed within 4-8 passages.
Promoter experiments
Mesangial cells were plated into 6-well dishes and the next day transfected with the reporter constructs as indicated using lipofectamine. Cells were allowed to recover for 24 hours and then media were changed to SFM for 24 hours prior to stimulation as indicated. Cells were harvested using passive lysis buffer and luciferase was measured according to the manufacturer's instructions. For transient transfection experiments, cells were co-transfected with a renilla plasmid (Promega) as an internal control and was measured also according to the manufacturer's instructions. For experiments with stably transfected cells, total protein for each sample was determined and luciferase values were normalized by protein content.
Electromobility gel shift
Mesangial cells were grown in serum-free media and then stimulated with TGFβ for 15 minutes. Nuclear lysates were prepared by hypotonic lysis [13] . To assess NFATc binding, consensus NFATc oligos were purchased from Santa Cruz (Santa Cruz, CA) and were endlabeled with 32 Pγ[ATP]. 40,000cpm of labeled probe, 1.5μg of nuclear lysate and 1X Gel Shift Binding Buffer (Promega) were incubated at room temperature for 30 minutes. 2ug of anti-NFATc antibody was then added and reactions incubated at room temperature for an additional 30 minutes. Protein/DNA complexes were resolved by non-denaturing polyacrylamide gel electrophoresis and exposed to film.
Results and Discussion
Calcineurin-mediated regulation of fibronectin in mesangial cells
While there is considerable data to suggest that inhibition of calcineurin by cyclosporin (CsA) and FK506 up-regulates both matrix proteins and TGFβ, we have found that mesangial cells represent a distinct calcineurin signaling pathway. This point is illustrated in Figure 1 . Panel A shows the effect of TGFβ on fibronectin expression in glomerular mesangial. TGFβ significantly increases fibronectin expression in mesangial cells and addition of CsA blocks the effect in a dose-responsive manner. This result is in contrast to the effect of CsA on a renal epithelial cell line (LLCPK-1) where TGFβ and CsA result in an additive effect on fibronectin expression ( Fig 1B) .
Fibronectin up-regulation in response to CsA has been linked to stimulation of TGFβ in some cell types [6, 14] . Therefore, we determined what effect CsA treatment has on fibronectin expression and TGFβ production in mesangial cells and in LLCPK-1 cells. Cells were cultured in the presence of increasing amounts of CsA and lysates were harvested and supernatants collected for measurement fibronectin by western blotting and total TGFβ by ELISA. CsA resulted in a dose-dependent increase in both fibronectin and TGFβ in LLCPK-1 cells ( Fig  1D) . In contrast, neither fibronectin nor TGFβ is not up-regulated by CsA treatment in mesangial cells ( Fig 1C) .
Transcriptional regulation of fibronectin requires calcineurin
Consistent with previous data, Figure 1 demonstrates that calcineurin plays a unique role in TGFβ-mediated regulation of fibronectin in mesangial cells. The mechanism of this action is, however, unknown. Previous experiments suggested that the requirement for calcineurin is early in TGFβ signaling and involves upregulation of the calcineurin substrate NFATc [8] . Therefore, we examined whether regulation of fibronectin by TGFβ in mesangial cells is transcriptional. Mesangial cells were stably transfected with a fibronectin-promoter luciferase construct [12] (Fibro-luc), selected by antibiotic resistance, and then clonal cell populations were screened for luciferase activity. Multiple clones with high levels of luciferase activity were selected for further study and data from a representative clone is shown in Figure 2 . Figure  2A shows that TGFβ regulates fibronectin transcription in a dose-dependent manner in Fibroluc mesangial cells. Moreover, Figure 2B shows that TGFβ-mediated activation of fibronectin transcription is inhibited by increasing amounts of CsA. Next, a direct role for calcineurin in regulating fibronectin was tested by overexpressing constitutively active calcineurin (CA-CnA) and then examining fibronectin expression ( Figure 2C ) and promoter activity ( Figure  2D ). CA-CnA was sufficient to increase both fibronectin protein and transcription of the fibronectin promoter in a dose-dependent manner. This activity was blocked by pre-treatment with CsA.
NFATc DNA binding and transcriptional activity is regulated by TGFβ
Previously, we showed that TGFβ-mediated nuclear localization of the calcineurin substrate NFATc [8] . We next wanted to examine DNA binding of NFATc1 in response to TGFβ by electromobility shift assay (EMSA) using a consensus NFATc sequence (Fig. 3A) . Addition of TGFβ produced an increase in a DNA-protein complex (arrow). Inclusion of NFATc1 antibody in the reaction produced a super-shifted complex (arrowhead), confirming the binding of NFATc1 to the consensus site in response to TGFβ. Specificity of the protein/DNA complex was verified by competition with excess cold probe and by incubation of samples with a mutated NFATc site. Both methods blocked formation of the NFATc/DNA complex.
We have shown that calcineurin is required for TGFβ-mediated upregulation of fibronectin in mesangial cells and that TGFβ leads to nuclear localization and DNA binding of the calcineurin-regulated transcription factor NFATc1. Therefore, we next examined whether NFATc1 was implicated in TGFβ-mediated regulation of fibronectin. First, we examined transcriptional activity of NFATc1 in mesangial cells using a promoter containing three consensus NFATc binding sites upstream of luciferase (NFATc-luc). Cells were transiently transfected with the NFATc-luc construct along with a plasmid regulating renilla expression as an internal control for transfection. Luciferase results were then normalized by renilla. Figure  3B shows that NFATc transcriptional activity is stimulated by TGFβ and blocked by CsA. In contrast, we find only mild activation of an NFκB consensus promoter in response to TGFβ and no significant increase of an AP-1 consensus promoter. As a control, cells were also transfected with a construct containing only a minimal TATA promoter upstream of luciferase. As expected, there was no increase observed with TGFβ and no inhibition by CsA.
Previous studies have shown multiple mechanisms whereby TGFβ controls matrix expression including SMAD proteins [15] and immediate early proteins c-jun and fos which form the transcription complex AP-1 [16] . Cross-talk between SMAD signaling and calcineurin has been suggested by data showing that SMAD proteins can interact with the calcineurin-binding protein calmodulin in a phosphorylation-dependent manner [17] [18] [19] . In addition, previous reports have shown that NFATc frequently co-operates with other transcriptional co-factors on target genes [20] [21] [22] [23] . One common partner is AP-1 [21, 22] . It is therefore possible that NFATc cooperates with these mechanisms in TGFβ-mediated regulation of fibronectin.
NFATc is required for fibronectin regulation by TGFβ
To further examine the role of NFATc on fibronectin regulation, mesangial cells were cotransfected with the fibro-luc reporter construct along with increasing amounts of an NFATc competitive peptide (Fig. 3C) or a dominant-negative NFATc cDNA (Fig. 3D ). Cells were stimulated with TGFβ and activity of the fibronectin promoter was determined. Inhibition of NFATc with either the competitive peptide or by expression of a dominant-negative protein blocked TGFβ-mediated induction of the fibronectin promoter in a dose-dependent manner.
Next, mesangial cells were stably transfected with either wildtype NFATc or a dominantnegative NFATc (DN-NFATc) and selected by antibiotic resistance to obtain clonal populations. As a control, parental mesangial cells were transfected with empty vector alone (pBJ) and subjected to identical antibiotic selection. Clones were then examined for functional differences in NFATc promoter activation and clones with the greatest degree of enhanced activity and inhibition of activity were selected for further study. Mesangial cells overexpressing wildtype NFATc1 had higher basal and serum-stimulated NFATc-mediated transcription compared to vector-transfected cells while cells overexpressing DN-NFATc1 had no response to serum ( Fig 4A) . Next, positive lines were tested for TGFβ-mediated transcriptional activity of the NFATc-luc promoter. Fig. 4B shows that mesangial cells overexpressing NFATc have higher basal activity and are activated further by TGFβ. Overexpression of DN-NFATc1, however, abolished TGFβ-mediated NFATc-luc activity. TGFβ activation of the fibronectin promoter was then determined in each cell type. Figure 4C shows that parental cells respond to TGFβ with approximately a 2-fold increase in promoter activity whereas both the basal and stimulated responses of cells overexpressing NFATc are significantly higher. In contrast, cells expressing DN-NFATc1 do not significantly increase fibronectin transcription in response to TGFβ. Finally, fibronectin protein levels were examined in rmesangial cells with altered NFATc1 expression. Figure 4D shows that TGFβ induced a two-fold increase in fibronectin in control cells and the increase was blocked by CsA. Overexpression of NFATc, however, resulted in enhanced basal and TGFβ-stimulated levels of fibronectin that was sensitive to CsA. Cells constitutively expressing DN-NFATc, however, had lower basal levels of fibronectin and an attenuated response to TGFβ.
The identification and characterization of a novel calcineurin role in regulation of extracellular matrix is particularly relevant considering that fibrosis is a significant part of cyclosporin toxicity. Our work shows that there are cell-specific actions of calcineurin and that at least one pathway in mesangial cells represents a mechanism where inhibition of calcineurin prevents rather than induces fibrosis. This finding suggests several important areas for future investigation. First, could different NFATc isoforms be responsible for cell-specific actions of calcineurin? In addition to, or alternatively, could cell-specific expression of different cofactors be the mechanism? Finally, are there different upstream signals that result in cellspecific activation of calcineurin? While it is possible that NFATc does not regulate fibronectin in other cell types, mesangial cells offer an opportunity to further explore a pathway that may yield novel therapeutic strategies that prevent or reduce fibrosis.
Figure 1. Differential effects of calcineurin inhibition on TGFβ and fibronectin in tubule epithelial versus mesangial cells
A and B: Mesangial cells (A) and LLCKP1 epithelial cells (B) were cultured with increasing amounts of cyclosporin and then treated with TGFβ (2ng/ml). Cells were lysed and total proteins were separated by SDS-PAGE. Fibronectin was detected using a primary antibody specific to fibronectin. Actin was determined as an internal control. Results of a typical immunoblot were semi-quantitated and graphed. Data shown are representative of at least 3 independent experiments. C and D: Mesangial cells (C) and LLCPK-1 cells (D) were treated with increasing amounts of CsA and then fibronectin expression and TGFβ production were measured. Fibronectin expression was determined in cell lysates by direct immunoblotting. In identically treated cells, the amount of TGFβ in the supernatants was measured by ELISA using a commercially available kit. Data shown are the mean +/− SEM of triplicate samples. Mesangial cells were treated with SFM or TGFβ and then nuclear proteins were extracted and incubated with γ32P-labeled consensus NFATc probe or a mutant oligo. Finally, an antibody specific for NFATc1 was added. DNA/protein complexes were resolved by nondenaturing PAGE and results were visualized by autoradiography. Antibody binding was evident as a super-shifted (SS) band (asterisk). B) Mesangial cells were transiently transfected with an NFATc-responsive promoter sequence upstream of luciferase (NFATc-luc), AP1-luc, NFkBluc, and TATA-luc along with a CMV-promoter driven renilla construct as a control for transfection. Cells were treated with SFM, TGFβ, or CsA+TGFβ and then activity of the target promoters were assessed by luciferase activity normalized by renilla. Data shown are the mean +/− SEM of triplicate samples. *p<0.05 C) Mesangial cells that stably express Fibro-luc were transiently transfected with increasing amounts of an NFATc inhibitory peptide and then fibronectin promoter activity in response to TGFβ was determined by luciferase activity normalized by protein concentration. Data shown are the mean +/− SEM of triplicate samples. * p<0.05 **p<0.01 D) Fibro-luc mesangial cells were transiently transfected with increasing amounts of a dominant negative NFATc cDNA and then fibronectin promoter activity in response to TGFβ was determined by luciferase activity normalized by protein concentration. Data shown are the mean +/− SEM of triplicate samples. * p<0.05.
Figure 4. NFATc can regulate fibronectin expression in mesangial cells
A) Mesangial cells were stably transfected with NFATc, a dominant-negative NFATc (DN-NFATc) or empty vector (pBJ). Clones that demonstrated antibiotic resistance were further screened for altered activity of a 3X NFATc promoter-luciferase construct. Data shown are the mean +/− SEM of triplicate samples. ** p<0.01 compared to control B) Parental, NFATc, and DN-NFATc mesangial cells were transiently transfected with a 3X NFATc-luciferase reporter construct and were then treated with either serum-free media or TGFβ (2ng/ml). NFATc transcriptional activity was determined by measurement of luciferase and normalized by renilla. Data shown are the mean +/− SEM of triplicate samples. * p<0.05, ** p<0.01 C) Parental, NFATc, and DNNFATc mesangial cells were transiently transfected with a fibroluc reporter construct along with a renilla plasmid as an internal control. Cells were treated with SFM or TGFβ (2ng/ml) and then promoter activity was measured by luciferase and normalized by renilla. Data shown are the mean +/− SEM of triplicate samples. * p<0.05 ** p<0.01 D) Parental, NFATc, and DNNFATc mesangial cells were treated with TGFβ or CsA +TGFβ for 72 hours and then cells were lysed. Total proteins were isolated and then separated by SDS-PAGE. Fibronectin expression was determined by immunoblotting with a specific antibody and actin was detected as a control. Results from a representative immunoblot were semi-quantitated and graphed. Data shown are typical of at least 3 independent experiments.
